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REDUCTION OF LASER SPECKLE IN 
PHOTOLITHOGRAPHY BY CONTROLLED 
DISRUPTION OF SPATIAL COHERENCE OF 

LASER BEAM 

PRIORITY 

This application claims the bene?t of priority to United 
States Provisional Patent Application nos. 60/141,678 (?led 
Jun. 30, 1999) and 60/171,172 (?led Dec. 16, 1999). 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The invention relates to an apparatus and process for 
reducing speckle exhibited by a laser beam, and particularly 
to insertion of an anti-speckle apparatus in the path of a laser 
beam in order to control the spatial coherence of the beam 
independent of the construction of the laser resonator. 

2. Discussion of the Related Art 

Radiation in the deep ultraviolet (DUV, 7t>200 nm) and 
vacuum ultraviolet (VUV, >M<200 nm) is currently being 
applied in photolithography to fabricate integrated circuits. 
Speci?cally, the output of narroW band ArF and KrF excimer 
lasers (7»=193 nm, 248 nm) are utiliZed for making semi 
conductor devices having a feature siZe of betWeen about 
0.18 and 0.25 pm (produced by radiation from a KrF laser), 
or betWeen about 0.13 and 0.18 pm (produced by radiation 
from a ArF laser). The molecular ?uorine laser emitting 
around 157 nm is also used for forming small structures. 
EUV sources such as plasma focus sources emitting around, 
e.g., 13 nm Will come into prominence in the future. 

Because of the extremely small magnitude of these 
dimensional ranges and their siZe relative to the Wavelength 
of the incident laser beam, achromatic imaging optics are 
dif?cult to achieve in these Wavelength regions. In order to 
reduce imaging errors caused by chromatic aberration, exci 
mer lasers must produce radiation of an extremely narroW 
bandWidth ranging betWeen about 0.3 and 0.6 pm. Band 
Width is generally de?ned as the full Width at one-half the 
maximum of the spectral line shape. 

The narroW bandWidths produced by these lasers in turn 
cause the beam to exhibit a high degree of spatial coherence. 
Spatial coherence describes coherence exhibited by the light 
rays of the beam as measured across a beam cross-section. 
In contrast, temporal coherence describes coherence exhib 
ited by the light rays of the beam over time as the beam 
traverses a distance. 

Unfortunately, high spatial coherence can create problems 
relating to speckle. Speckle is an interference pattern created 
by a slight difference in path traveled by the light rays 
making up the laser beam. Speckle can result from interac 
tion betWeen the beam and minor environmental elements, 
for example re?ection of the beam by slightly turbulent air 
or by microscopically rough surfaces. Beams exhibiting a 
high degree of spatial coherence are especially prone to 
exhibit speckle. Speckle is detrimental to many laser appli 
cations because it causes uneven illumination of areas by the 
beam. Speckle is thus a particularly serious problem in 
photolithography, Where uneven beam illumination can 
result in non-uniform development of photoresist materials 
that de?ne the microscopic feature siZe of active devices. 

In photolithography, a laser is generally employed as one 
component of a larger optical system such as a stepper or 
scanner. Due in part to concerns about speckle, stepper and 
scanner manufacturers impose an upper limit on the spatial 
coherence of lasers eligible for use in their systems. 
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2 
Unfortunately, these spatial coherence requirements vary 
from manufacturer to manufacturer. 

One Way to accommodate spatial coherence requirements 
of equipment manufacturers is to modify the design of the 
resonator generating the laser beam. HoWever, this approach 
is impractical for tWo reasons. 

First, the resonator is a complex structure Whose perfor 
mance and output is extremely sensitive to structural 
changes. Thus, modi?cation of the resonator to conform to 
the requirements of every manufacturer of a particular 
optical system Would be expensive and time-consuming. 
A second problem is that design of the resonator dictates 

a number of important characteristics of the laser beam apart 
from bandWidth and spatial coherence. One such character 
istic is the spectral purity. 
While bandWidth represents the full Width at one-half the 

maximum of the spectral line shape, the spectral purity 
represents the Wavelength interval containing 95% of the 
pulse energy of the beam. Lasers used in the next lithogra 
phy generation Will emit beams having a spectral purity of 
less than 1 pm. 

Another important beam characteristic is divergency. 
Divergency describes the angular spreading of the beam 
cross-section over distance, and is characteriZed by an angle 
0. For beams produced from a resonator utiliZing line 
narroWing elements such as prisms and gratings but Without 
an etalon, beam divergence is dictated solely by the length 
of the resonator and intracavity apertures. For beams pro 
duced from a resonator featuring an etalon, beam divergence 
is also determined by the properties of the etalon. 

To summariZe, the line-narroWed lasers employed in 
photolithography produce radiation exhibiting compara 
tively small divergency and a high degree of spatial coher 
ence. The character of this radiation is attributable to the 
particular design of the resonator producing the beam. As a 
result of the high degree of spatial coherence of the beam, 
it is prone to exhibit speckle. 

Given the problem posed by speckle and the dif?culty in 
modifying the resonator design, there is a need in the art for 
an apparatus and method permitting precise control over the 
spatial coherence of a laser beam independent of the design 
of a particular laser resonator. 

SUMMARY OF THE INVENTION 

It is an object of the invention to reduce speckle by 
introducing an anti-speckle apparatus into the path of a laser 
beam to reduce the spatial coherence of the beam indepen 
dent of resonator design, While maintaining the temporal 
coherence of the laser beam substantially unchanged. In one 
embodiment of the present invention, the anti-speckle appa 
ratus is an optically-coated or holographic phase retarding 
plate Which imposes a phase shift on certain portions of the 
beam relative to other beam portions upon transmission or 
re?ection. In an alternative embodiment of the present 
invention, the anti-speckle apparatus is a scattering plate 
having a roughened surface Which causes scattering and 
reduction in spatial coherence of a laser beam re?ected or 
transmitted by the scattering plate. Both embodiments dis 
rupt the spatial coherence of the beam and thereby reduce 
speckle independent of the design of the laser resonator, 
While maintaining the temporal coherence of the laser beam 
substantially unchanged. 
The anti-speckle apparatus in accordance With the present 

invention is inserted along the beam path of a gas discharge 
laser such as an excimer or molecular laser. Examples of 
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such lasers are an F2 laser emitting a beam having a 7~=157 
nm, a KrF laser emitting a beam having a >M=248 nm, or an 
ArF laser having a 7~=193 nm, or XeCl, XeF, or KrCl lasers. 

In accord With the above object, a ?rst embodiment of a 
method for reducing speckle of a laser beam comprises the 
step of shifting a phase of a ?rst portion of the laser beam 
relative to a second portion of the laser beam, such that a 
spatial coherence of the laser beam is disrupted While a 
temporal coherence of the laser beam is substantially 
unchanged. 

Also in accord With the above object, a second embodi 
ment of a method for reducing speckle of a laser beam 
comprises the step of scattering a ?rst portion of the laser 
beam relative to a second portion of the laser beam, such that 
a spatial coherence of the laser beam is disrupted While a 
temporal coherence of the laser beam is substantially 
unchanged. 

Further in accord With the above object, a ?rst embodi 
ment of an apparatus for reducing speckle of a laser beam 
comprises a DUV-VUV transparent substrate bearing a 
periodic optical coating over a ?rst region, the optical 
coating causing a phase shift of light transmitted through the 
?rst region relative to light transmitted outside of the ?rst 
region, such that the phase shift generates a desired mini 
mum number of spatially coherent cells in the laser beam. 

Still further in accord With the above object, a second 
embodiment of an apparatus for reducing speckle of a laser 
beam comprises a DUV-VUV transparent substrate bearing 
a rough surface having a standard deviation in surface height 
and a correlation length, the rough surface causing scattering 
of light transmitted through the substrate to generate a 
desired minimum number of spatially coherent cells in the 
laser beam. 

Yet still further in accord With the above object, an 
embodiment of a lithography apparatus in accordance With 
the present invention comprises an eXcimer laser con?gured 
to generate a laser beam, the eXcimer laser including a 
resonator and an outcoupling mirror. The lithography appa 
ratus further comprises a line narroWing apparatus located 
Within the resonator, optics con?gured to deliver the laser 
beam to a semiconductor Workpiece, and an anti-speckle 
device located in the path of the laser beam prior to the 
delivery optics for disrupting the spatial coherence of the 
laser beam While maintaining a temporal coherence substan 
tially unchanged. 

The features and advantages of the present invention Will 
be understood upon consideration of the folloWing detailed 
description of the preferred embodiment and the accompa 
nying draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 shoWs a conventional laser producing a beam 
having a high degree of spatial coherence. 

FIG. 2 shoWs a ?rst embodiment of an anti-speckle 
apparatus in accordance With the present invention. 

FIG. 3a shoWs a ?rst laser embodiment employing an 
anti-speckle apparatus. 

FIG. 3b shoWs a second laser embodiment employing an 
anti-speckle apparatus. 

FIG. 3c shoWs a third laser embodiment employing an 
anti-speckle apparatus before a ?y eye lens. 

FIG. 3a' shoWs a fourth laser embodiment employing an 
anti-speckle apparatus as an output coupler. 

FIGS. 4a —4a' shoW the calculated far ?eld intensity 
distribution of the laser beam produced by the laser of FIG. 
3. 
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4 
FIG. 5 shoWs an anti-speckle apparatus in accordance 

With a second embodiment of the present invention. 

FIG. 6 shoWs an anti-speckle apparatus in accordance 
With a third embodiment of the present invention. 

FIG. 7 shoWs a laser employing an anti-speckle apparatus 
in accordance With a fourth embodiment of the present 
invention. 

FIG. 8 shoWs an anti-speckle apparatus in accordance 
With a ?fth embodiment of the present invention. 

FIG. 9 shoWs an anti-speckle apparatus in accordance 
With a siXth embodiment of the present invention. 

FIG. 10 shoWs an anti-speckle apparatus in accordance 
With a seventh embodiment of the present invention. 

FIG. 11 shoWs an anti-speckle apparatus in accordance 
With an eighth embodiment of the present invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT 

The present invention describes reduction in speckle of a 
laser beam by inserting an anti-speckle apparatus in the path 
of the beam to disrupt its spatial coherence While maintain 
ing its temporal coherence substantially unchanged. In one 
embodiment, the anti-speckle apparatus is a phase retarder 
plate bearing periodic optically-coated regions. Transmis 
sion or re?ection of the beam through both the coated and 
uncoated regions causes an internal phase shift of ?rst 
portions of the beam relative to second portions of the beam, 
disrupting its spatial coherence. The siZe and thickness of 
the coated regions can be carefully tailored to ?t the require 
ments of stepper and scanner equipment manufacturers, in 
particular the speci?cation for maXimum alloWable spatial 
coherence expressed as a minimum permissible number of 
coherent cells across the beam cross-section. 

In an alterative embodiment, the anti-speckle apparatus is 
a scattering plate bearing a rough surface. Transmission or 
re?ection of the beam by the rough surface degrades the 
spatial coherence of the beam. The correlation length and/or 
surface height of structures on the rough surface of the 
scattering plate may be adjusted in accordance With desired 
divergency and spatial coherence. In addition, a liquid 
matching medium or solid overcoating may be contacted 
With the roughened surface to adjust the indeX of refraction 
at the interface With the roughened surface (see German 
patents DE 297 22 130, DE 198 31 365 and DE 198 32 277, 
each of Which is hereby incorporated by reference). 
With either embodiment, insertion of the anti-speckle 

apparatus in the path of the beam suf?ciently disrupts the 
spatial coherence of the beam to eliminate speckle, Without 
affecting the temporal coherence of the beam. 

FIG. 1 shoWs a conventional laser producing a laser beam 
possessing a high degree of spatial coherence. Laser 2 
features resonator 4 including narroW band unit 6, discharge 
tube 8, and outcoupling mirror 10. 

Depending upon the type and eXtent of line-narroWing 
and/or selection and tuning that is desired, and also upon the 
particular laser that the Wavelength selector is to be installed 
into, many alternative line-narroWing con?gurations may be 
used. For this purpose, those shoWn in US. Pat. Nos. 
4,399,540, 4,905,243, 5,226,050, 5,559,816, 5,659,419, 
5,663,973, 5,761,236, and 5,946,337, and US. patent appli 
cations Ser. Nos. 09/317,695, 09/130,277, 09/244,554, 
09/317,527, 09/073,070, 09/452,353, 60/124,241, 60/140, 
532, 60/173,993, 60/140,530, 60/181,156, 60/166,277, and 
60/ 140,531, each of Which is assigned to the same assignee 
as the present application, and US. Pat. Nos. 5,095,492, 
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5,150,370, 4,696,012, 4,972,429, 4,873,692, 5,596,456, 
5,844,727, 5,684,822, 5,835,520, 5,852,627, 5,856,991, 
5,898,725, 5,901,163, 5,917,849, 5,970,082, 5,404,366, 
4,975,919, 5,142,543, 5,596,596, 5,802,094, 4,856,018, and 
4,829,536, are each hereby incorporated by reference into 
the present application. Appropriate selection of one or a 
combination of the line-narroWing approaches described in 
the above references may be useful in combination With the 
phase retarder plate of the invention. 

Laser beam 12 exits discharge tube 8 through an aperture 
having Width H and height V, and passes through outcou 
pling mirror 10. Beam 12 thus has a cross-section of H><V. 
Laser 2 forms a portion of a larger optical system such as a 
scanner or stepper, Which may include such additional optics 
as a beam homogeniZer. 

Because of the design of resonator 4, beam 12 exhibits 
high spatial coherence in the x-y plane The spatial coherence 
of beam 12 is quanti?ed in terms of “coherence cells.” 

The dimension of one separate coherence cell is given by 
Equation (1) beloW as: 

AC=area of coherence cell; 
X=Width of coherence cell; 
Y=height of coherence cell; 
0X=angle of divergency along x-axis; and 
0Y=angle of divergency along y-axis. 
Coherence cell areasAC are related to a larger number (N) 

of coherence cells incoherent relative to one other, per 
Equations (2) and (3) beloW: 

N=(HV)/AC, Where (2) 

N=total number of coherence cells in the beam; 
H=Width of beam cross-section along x-axis; 
V=height of beam cross-section along y-axis; 
AC=area of each coherence cell; and 

m=H/XC, n=V/YC, N=mn, (3) 

m=number of coherence cells along the x-axis; and 
n=number of coherence cells along the y-axis. 
In order to avoid speckle folloWing superposition of the 

areas of the coherence cells after exposure to optics of the 
scanner or stepper such as the beam homogeniZer, the 
number N must ful?ll the condition N>Nmin=mminnmin. The 
design of the optics of the stepper or scanner imposes a 
loWer limit on divergency, and hence an upper limit on 
spatial coherence. 

It has been proposed to reduce speckle by disrupting 
spatial coherence of a laser beam. Some of these efforts are 
summarized by T. S. McKechnie, “Speckle Reduction”, in 
Topics in Applied Physics, Vol. IX: Laser Speckle and 
Related Phenomena, J. C. Dainty, Ed. (1984), pp. 126—132, 
incorporated herein by reference. 

HoWever, the methods of speckle reduction described in 
this text disrupt temporal coherence in addition to disrupting 
spatial coherence. For laser beams of ?xed pulse length as 
are currently employed in photolithography, changes in 
temporal coherence produce a broadening of bandWidth. 
This broadening of spectral line shape adversely affects the 
usefulness of the laser in photolithographic applications. 

FIG. 2 shoWs one embodiment of an anti-speckle appa 
ratus in accordance With the present invention. Anti-speckle 
apparatus 200 is a plate composed of a DUV-VUV trans 
parent material such as fused silica, quartZ glass, calcium 
?uoride (CaF2) or magnesium ?uoride (MgFZ). 
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6 
Anti-speckle apparatus 200 further includes an optical 

coating creating tWo distinct regions: peripheral region 200a 
and center region 200b. Peripheral region 200a is uncoated. 
Coated center region 200b is of Width eH, such that light 
passing through center region 200b experiences a uniform 
shift in phase relative to light passing through peripheral 
region 200a. The uniform phase shift imposed by center 
region 200b is determined by the thickness of the coating 
over this region. Speci?cally, the imposed phase shift Would 
be 2J1§(I1d\7\.), Where d is the thickness of the coating, n is the 
refractive index of the coating, and 7» is the Wavelength of 
the incident light. While silicon dioxide and silicon nitride 
are tWo possible coatings, a large number of other materials 
are candidates for forming the optical coating. For this 
reason, the 79”1 Edition (1998—1999) of the Handbook of 
Chemistry and Physics is hereby incorporated by reference, 
including lists of the refractive index of organic, inorganic, 
semiconductor, mineral, and glass materials. 

FIG. 3a shoWs a ?rst embodiment of a laser employing an 
anti-speckle apparatus in accordance With the present inven 
tion. Laser 300 includes resonator 302 including narroW 
band unit 304, discharge tube 306, and outcoupling mirror 
308. Preferred gas mixtures and methods of stabiliZing gas 
mixtures of these excimer lasers and other lasers such as the 
XeF, XeCl, KrCl excimer lasers, as Well as the molecular 
?uorine laser, are described at: US. Pat. Nos. 4,393,505, 
4,977,573 and 5,396,514, and US. patent applications Ser. 
Nos. 09/317,526, 09/418,052, 09/513,025, 60/137,907, 
09/379,034, 60/160,126 and 60/124,785, each of Which is 
assigned to the same assignee as the present application. 

Laser beam 310 of ?xed pulse length exits discharge tube 
306 through an aperture having Width H and height V, and 
passes through outcoupling mirror 308. At the time of 
passing through outcoupling mirror 308, beam 310 exhibits 
a high degree of spatial coherence in the x-y plane. 

HoWever, laser 300 further includes anti-speckle appara 
tus 200, an example of Which is shoWn and described With 
respect to FIG. 2. Anti-speckle apparatus 200 is shoWn 
placed in the path of beam 310 exiting from outcoupling 
mirror 308. Alternatively, the apparatus 200 may also func 
tion as the outcoupling mirror of the laser 300. Beam 310 
passes through anti-speckle apparatus 200 symmetrically 
With respect to center region 200b and peripheral region 
200a. As a result of passing through phase retarder apparatus 
200, the center of beam 310 passing through center plate 
portion 200b is uniformly shifted in phase relative to the 
surrounding beam cross-section. This phase shift disrupts 
the spatial coherence of beam 310 and thereby reduces 
speckle, Without substantially affecting the temporal coher 
ence of the laser. 

FIG. 3b shoWs a second laser embodiment employing an 
anti-speckle apparatus. As shoWn, the laser system 301 
includes a line-narroWing unit 304, Which may be in accord 
With any of the line-narroWing units described in any of the 
patents or patent applications mentioned above, or another 
line-narroWing unit employing one or more of a trasnmis 
sion or re?ection grating, one or more beam expanding 
and/or dispersive prisms, one or more etalons, a grism, etc., 
including line-narroWing optics knoWn to those skilled in the 
art. The laser 301 also includes a gas discharge chamber 306 
having a pair of main electrodes, and preferably one or more 
preioniZation electrodes, connected to a poWer supply 
circuit, Wherein preferred electrical setups include those set 
forth at US. patent applications Ser. Nos. 09/090,989, 
09/136,353, 60/120,218, 09/247,887, 60/162,845, 09/317, 
695, 09/130,277, 09/172,805, 09/379,034, 09/244,554, 
09/317,527, 09/327,526, 09/447,882, 60/162,845, 09/453, 
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670, 60/122,145, 60/198,058, 60/140,531, 60/166,952, 
60/173,993, 60/166,277 and 60/140,530, each of Which is 
assigned to the same assignee, and US. Pat. Nos. 6,005,880, 
6,020,723, 5,337,330, 5,729,562, 5,914,974, 5,936,988, 
5,818,865 and 6,002,697, all of Which are hereby incorpo 
rated by reference. The output coupler transmits a beam 310 
Which thereafter traverses the anti-speckle plate 200 before 
reaching the imaging optics. 

FIG. 3c shoWs a third laser embodiment 303 employing 
an anti-speckle apparatus 200 before a ?y eye lens 320. The 
third laser embodiment is the same as that shoWn in FIG. 3b, 
except for the ?y eye lens 320. The ?y eye lens 320 is 
preferably of conventional type, such as may include a roW 
of refractive elements positioned along an axis of the beam 
having different optical lengths. For example, the ?y eye 
lens may include elements of the same refractive material 
(and having the same refractive index), but having different 
geometric lengths, or the elements may have different refrac 
tive indices and same geometric lengths, or both. One 
skillled in the art Would knoW various forms of conventional 
?y eye lenses and any of these may be used With the third 
embodiment. The ?y eye lens 320 Works in combination 
With the plate 308 to reduce speckle in the beam. The beam 
310 propagates further after the ?y eye lens 320 to imaging 
optics. 

FIG. 3a' shoWs a fourth laser embodiment 305 employing 
an anti-speckle apparatus 201 as an output coupler. In this 
Way, the antispeckle apparatus 201 also has the re?ectivity 
of a typical output coupler of an excimer or molecular 
?uorine laser and transmits the output beam 310. The plate 
201 may be tWo plates such as produce etalonning in the 
system, as Well. The plate may serves to dispersively line 
narroW, such as being formed to disperse the beam as a prism 
or transmission grating or grism Would, in addition to 
reducing the speckle and/or output coupling the beam. The 
?y eye lens 320 is shoWn in FIG. 3d, but may be taken out, 
as desired. 

FIGS. 4A—4D shoW the calculated far ?eld intensity 
distribution along the x-axis only, of beam 310 after it has 
passed through a anti-speckle apparatus 200 of FIG. 2 
exhibiting a ?xed phase shift of at and having center region 
200b of various Widths eH. Beam intensities are shoWn for 
phase retarding apparatuses Where e varies from e=0, 0.1, 
0.3, and 0.5. 
As shoWn in FIGS. 4A—4D, as the Width eH increases, the 

angular distribution vanishes as 0X approaches Zero. This 
results in a three-fold increase in beam divergency betWeen 
e=0 and e=0.5. The anti-speckle apparatus 200 thus changes 
the divergency of beam 310 Without any corresponding loss 
in beam poWer. 

FIG. 5 shoWs a second embodiment of an anti-speckle 
apparatus in accordance With the present invention. The 
beam of a narroW band excimer laser possesses coherent 
cells With dimensions of betWeen about 0.3 mm and 0.5 mm. 
Accordingly, the fused silica plate 500 of the anti-speckle 
apparatus in accordance With the second embodiment of the 
present invention bears a periodic optical coating, With each 
coated region 500a having an area of about 0.15—0.25 mm2. 
The thickness of the coating 500 determines the shift in 
phase of light passing through plate 500 (for example a 
phase shift of 

The spatial periodicity of the coated regions in x- and 
y-direction determines the minimum divergences of the 
beam behind the plate. The number and density of coated 
regions per area unit can be tailored to conform to the 
requirements of a given system manufacturer for the mini 
mum number of coherent cells Nmin—m n over the _ min min 

10 

15 

20 

25 

30 

35 

40 

45 

50 

55 

65 

8 
beam cross section A=H*V. The phase shift may have any 
random value in the interval 0 . . . 2:1. 

It is important to note that Where the plate has a coated 
structure With a ?xed period (a phase grating With the same 
grating constant over the entire plate), the area of each 
coated region should be slightly different to other coated 
regions, and the distances betWeen the coated regions should 
vary someWhat around a mean value. This is because light 
encountering a precisely uniform grating pattern Will exhibit 
a far ?eld intensity distribution Which includes a periodic 
intensity pattern. In order to obtain a smoothed far ?eld 
intensity distribution preferred by stepper manufacturers 
Without additional modulation, the grating constant is pref 
erably statistically distributed around a mean value, and/or 
the phase shifts are statistically distributed in the interval 
0 . . . 231. 

FIG. 6 shoWs a third embodiment of an antispeckle 
apparatus in accordance With the present invention. Phase 
retarder plate 600 includes alternating regions 600a and 
600b bearing different optical coatings that cause a relative 
shift in the phase of beam portions passing through these 
coated regions. 
The embodiments of anti-speckle apparatuses described 

in conjunction With FIGS. 2, 5, and 6 are most advanta 
geously used With a pulsed semi-narroW band excimer laser 
such as a KrF or ArF excimer laser having a characteristic 
bandWidth in excess of 200 pm, and an output beam nar 
roWed to under 100 pm, typically using a dispersive prism. 
Other lasers such as the molecular ?uorine laser could also 
bene?t from the present invention. 

In addition, these embodiments are most advantageously 
used in a photolithographic system including a catadioptric 
or all-re?ective imaging system. Acceptable input laser 
emission bandWidths for catadioptric imaging systems are 
betWeen about 15—100 pm at 248 nm, and betWeen about 
5—40 pm at 193 nm. 
The embodiments described above can also be used With 

imaging systems including all-refractive optics. For imaging 
systems using all-refractive optics, acceptable input laser 
emission bandWidths are betWeen about 0.4—0.8 pm and 
betWeen about 0.3—0.7 pm, respectively, When KrF and ArF 
laser input radiation sources are used. For example, an 
F2-laser having an output beam lineWidth of less than 1 pm 
may bene?t in accord With the present invention, even 
though all-refractive optics are used for imaging the radia 
tion onto the lithographic mask or reticle. 
The embodiments described above can also be used in 

imaging systems that include etalons for control over line 
narroWing. HoWever, Where etalons are employed in the 
resonator, their contribution to beam divergency must be 
considered in determining the changed spatial coherence 
necessary to reduce speckle. 

Although an anti-speckle apparatus in accordance With 
the present invention has so far been described in connection 
With three speci?c embodiments, the present invention is not 
limited to these embodiments. Various modi?cations and 
alterations in the structure and method Will be apparent to 
those skilled in the art Without departing from the scope of 
the present invention. 

For example, While the anti-speckle apparatus in accor 
dance With the embodiment of the present invention 
depicted in FIG. 3 utiliZes transmission of the laser beam 
through an optically coated region, this is not required by the 
present invention. A re?ective-type phase retarder plate 
bearing a periodic optical coating over a re?ective substrate 
could also be employed to reduce speckle and fall Within the 
scope of the present invention. Moreover, such a re?ective 
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type phase retarder plate could itself serve as an outcoupling 
mirror at the end of a discharge tube of the laser resonator 
and still remain Within the scope of the present application. 

Accordingly, FIG. 7 shoWs a fourth embodiment of an 
anti-speckle apparatus in accordance With the present inven 
tion. Re?ective-type phase retarder plate 700 includes a 
re?ective substrate 702 having a central coated region 7000 
surrounded by uncoated peripheral region 700b. As a result 
of the internal phase change in beam 710 caused by re?ec 
tion by central coated region 7000 and peripheral uncoated 
region 700b, the spatial coherence of laser beam 710 is 
disrupted and speckle is reduced. Re?ective-type phase 
retarder plate 700 also serves as the outcoupling mirror for 
resonator 712. 

In an alternative embodiment of the present invention, a 
holographic plate, rather than an optically coated plate of 
fused silica, is placed in the path of the laser beam. This 
holographic plate also causes an internal phase shift of the 
beam disrupting spatial coherence and preventing speckle. 
Such a holographic alternative embodiment could operate as 
either a transmission-type or re?ective-type anti-speckle 
apparatus. 

While the previously-discussed anti-speckle apparatuses 
reduce spatial coherence by causing an internal phase shift 
of the beam, this is not required by the present invention. An 
anti-speckle apparatus in accordance With alternative 
embodiments of the present invention could also disrupt 
spatial coherence of a laser beam through a scattering, rather 
than phase-shifting, mechanism. 

Accordingly, FIGS. 8 and 9 shoW anti-speckle appara 
tuses in accordance With ?fth and sixth embodiments of the 
present invention Which utiliZe a scattering mechanism to 
control spatial coherence. FIG. 8 shoWs a re?ective-type 
anti-speckle device including scattering plate 800 bearing a 
roughened surface 802 Which receives incident light 804 at 
an angle 0t. For ground surfaces, ?uctuations in surface 
height may be assumed to be a Gaussian random process. 
Such a ground surface is characteriZed by a standard devia 
tion in surface height (0,) and a correlation length 

The standard deviation in the light phase after re?ection 
by such a ground surface is given by Equation 4: 

0p=k(1+cos 000,1, Where (4) 

op=standard deviation in phase of re?ected light; 
k=2rc/7»(7»=Wavelength of incident light); 
ot=angle of incidence of light; and 
oh=standard deviation of surface height. 
The far ?eld intensity distribution of the re?ected light is 

given by Equation 5: 

(5) 

0=angle of divergency; and 
I(0)=far ?eld intensity distribution of incident light. 
Substituting Equation 4 into Equation 5 yields: 

1% 50120 1 

The divergency of the laser beam after re?ection from the 
scattering plate is: 
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0(1/6) = (6) 

The correlation length X6 is generally betWeen about 5 11m 
and 80 pm. The standard deviation of surface height oh is 
generally about 0.1 X6. Therefore, in order to obtain a beam 
divergency angle (0) in the range of 1—2 mrad, the quantity 
oh/XC must be a small value. One Way of accomplishing this 
is to reduce the roughness of the surface by over-polishing. 
The correlation length X6 Will stay the same but the rough 
ness oh Will be reduced. 

FIG. 9 shoWs a transmissive type anti-speckle device 
including scattering plate 900 bearing a roughened surface 
902 on the side of plate 900 facing aWay from incident light 
904. Plate 900 is transparent to UV light and bears anti 
re?ective coating 906 on both sides. 
The standard deviation in the light phase after transmis 

sion through such a plate is: 

(7) 

op=standard deviation in phase of re?ected light; 
k=2rc/7»(7»=Wavelength of incident light); 
n=refractive indeX of transmission material; and 
oh=standard deviation of surface height. 
Again, the far ?eld intensity distribution of light is given 

by: 

[£555,029] (5) 1(0) = [(0)2 4"?’ 

Substituting Equation 7 into Equation 5 yields: 

6 (3) 

The divergency of the laser beam after transmission 
through the scattering plate is: 

Again, the correlation length X6 is generally betWeen 
about 5 11m and 80 pm. The standard deviation of surface 
height oh is generally about 0.1 X6. 
As With the re?ective-type anti-speckle device shoWn in 

FIG. 8, in order to obtain a beam divergency in the range of 
1—2 mrad, the quantity oh/XC must be a small value. This can 
be accomplished by additional grinding to reduce oh relative 
to X6. 

Alternatively, the quantity oh/XC can be made small by 
placing the roughened surface of the transmissive-type scat 
tering plate into contact With an indeX matching medium 
having a refractive index (no). The divergency of 
transmissive-type anti-speckle apparatus Would then be 
given by: 

c 

The indeX matching medium must be a UV-transparent 
material having an appropriate refractive indeX. For pur 
poses of selecting a matching medium, the table entitled 
“INDEX OF REFRACTION OF ORGANIC COM 
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POUNDS” at pages E-378 and E-379 of the 62”“ Edition 
(1981—1982) of the Handbook of Chemistry and Physics, is 
hereby incorporated by reference. 

FIG. 10 shoWs one such transmissive-type anti-speckle 
device, Wherein the index matching medium is solid coating 
1010 overlying a UV-transparent scattering plate 1000. An 
example of suitable materials for this anti-speckle device 
Would be a SUPRASIL® plate (n0=1.508 @ >M=248 nm) 
bearing an Si02 coating (nO=1.48). 

FIG. 11 shoWs an alternative transmissive-type anti 
speckle device, Wherein index matching medium 1110 is a 
liquid sandWiched betWeen UV-transparent plates 1100 and 
1102 separated by a spacer 1104. The use of such a structure 
including a matching liquid is disclosed in detail in German 
Patents DE 198 31 365A1 (“Light Guide With a Liquid 
Core”), and DE 198 32 277A (“UVC Liquid Light Guide”), 
hereby incorporated by reference. 

Examples of materials useful for the embodiment of an 
anti-speckle apparatus as shoWn in FIG. 12 includes a 
SUPRASIL® plate (n0=1.508 @ >M=248 nm) having a 
matching liquid 1.49<nO<1.51. 

With any of the embodiments shoWn above in FIGS. 
8—11, the roughness of the scattering plate is selected to 
control the divergence and/or spatial coherence length of the 
laser beam. The correlation length and/or surface height of 
structures on the rough surface of the scattering plate are 
adjusted in accord With the selected divergence and spatial 
coherence. A ground surface may have its roughness 
reduced by overpolishing. A matching medium or overcoat 
ing may be placed in contact With the scattering surface to 
adjust the divergence and/or spatial coherence by adjusting 
the index of refraction at the interface With the scattering 
surface. 

The embodiments of an anti-speckle device previously 
described feature phase retarder and scattering plates made 
from VUV-DUV transparent materials, With fused silica and 
SUPRASIL® given as examples. Other candidate VUV 
DUV transparent materials include quartZ glass, calcium 
?uoride, magnesium ?uoride, lithium ?uoride, and barium 
?uoride. 

The folloWing references contain information relevant to 
the present invention and are hereby incorporated by refer 
ence: “Spatial Coherence of KrF Excimer Lasers”, S. 
KaWata et al., Applied Optics 31 (1992) 387; “Partially 
Coherent Sources Which Produce the Same Far-Field Inten 
sity Distribution AsALaser”, E. Wolf and E. Colleft, Optics 
Communications 25 (1978) 293; and “Experimental Mea 
surements of Non-Gaussian Scattering by a Fractal 
Diffuser”, D. L. Jordan et al., Applied Physics B 31 (1983) 
179. 

Those skilled in the art Will appreciate that the just 
disclosed preferred embodiments are subject to numerous 
adaptations and modi?cations Without departing from the 
scope and spirit of the invention. Therefore, it is to be 
understood that, Within the scope and spirit of the invention, 
the invention may be practiced other than as speci?cally 
described above. The scope of the invention is thus not 
limited by the particular embodiments described above. 
Instead, the scope of the present invention is understood to 
be encompassed by the language of the claims that folloW, 
and structural and functional equivalents thereof. 
What is claimed is: 
1. An apparatus for reducing speckle of a laser beam 

comprising a DUV-VUV transparent substrate con?gured to 
alter at least a ?rst portion of the beam transmitted through 
at least a ?rst region of the substrate relative to light 
transmitted outside of the ?rst region of the substrate, such 
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12 
that the substrate generates a desired minimum number of 
spatially coherent cells in the laser beam. 

2. The apparatus of claim 1, Wherein the DUV-VUV 
transparent substrate includes a periodic phase shift optical 
coating over the ?rst region, the phase shift optical coating 
causing a phase shift of light transmitted through the ?rst 
region relative to light transmitted outside of the ?rst region, 
such that the phase shift generates the desired minimum 
number of spatially coherent cells in the laser beam. 

3. An apparatus according to claim 2, Wherein the trans 
parent substrate comprises at least one material selected 
from the group consisting of fused silica, quartZ glass, 
calcium ?uoride, magnesium ?uoride, lithium ?uoride, 
strontium ?uoride, and barium ?uoride. 

4. An apparatus according to claim 2, Wherein the optical 
coating comprises at least one material selected from the 
group of materials consisting of silicon dioxide and silicon 
nitride. 

5. An apparatus according to claim 2, further comprising 
a ?y eye lens. 

6. An apparatus for reducing speckle of a laser beam 
comprising a DUV-VUV re?ecting substrate con?gured to 
alter at least a ?rst portion of the beam re?ected from a ?rst 
region of the substrate relative to light re?ected from outside 
of the ?rst region of the substrate, such that the substrate 
generates a desired minimum number of spatially coherent 
cells in the laser beam. 

7. The apparatus of claim 6, Wherein the DUV-VUV 
re?ective substrate includes a periodic phase shift optical 
coating over the ?rst region, the optical coating causing a 
phase shift of light re?ected by the ?rst region relative to 
light re?ected outside of the ?rst region, such that the phase 
shift generates the desired minimum number of spatially 
coherent cells in the laser beam. 

8. An apparatus according to claim 7, Wherein the re?ec 
tive substrate comprises a shiny metallic layer. 

9. An apparatus according to claim 7, Wherein the phase 
shift optical coating comprises at least one material selected 
from the group consisting of silicon dioxide and silicon 
nitride. 

10. An apparatus according to claim 7 Wherein the coated 
re?ective substrate is an outcoupling mirror of a laser 
resonator. 

11. An apparatus according to claim 10, further compris 
ing a ?y eye lens after the re?ective substrate. 

12. An apparatus according to claim 7, further comprising 
a ?y eye lens after the re?ective substrate. 

13. An apparatus according to claim 7 Wherein the coated 
re?ective substrate is positioned outside of a laser resonator. 

14. The apparatus of claim 1, Wherein the DUV-VUV 
transparent substrate includes a rough surface having a 
standard deviation in surface height and a correlation length, 
the rough surface causing scattering of light transmitted 
through the substrate to generate a desired minimum number 
of spatially coherent cells in the laser beam. 

15. An apparatus according to claim 14, Wherein the 
transparent substrate comprises at least one material selected 
from the group consisting of fused silica, quartZ glass, 
calcium ?uoride, magnesium ?uoride, lithium ?uoride, and 
barium ?uoride. 

16. An apparatus according to claim 14 Wherein the rough 
surface is a ground surface. 

17. An apparatus according to claim 16 Wherein the rough 
surface is overpolished to adjust the standard deviation in 
surface height. 

18. An apparatus according to claim 14 further compris 
ing a matching medium in contact With the rough layer, a 
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refractive index of the matching medium adjusting spatial 
coherence of the laser beam transmitted through the sub 
strate. 

19. An apparatus according to claim 18 Wherein the 
matching medium is a solid. 

20. An apparatus according to claim 18 Wherein the 
matching medium is a liquid. 

21. An apparatus according to claim 14 Wherein the 
substrate bears an anti-re?ective coating. 

22. An apparatus according to claim 14, Wherein said 
substrate is an outputcoupler of the laser system that pro 
duces the laser beam. 

23. An apparatus according to claim 22, further compris 
ing a ?y eye lens after the substrate. 

24. An apparatus according to claim 14, further compris 
ing a ?y eye lens after the substrate. 

25. An apparatus of claim 6, Wherein the DUV-VUV 
re?ective substrate includes a rough surface having a stan 
dard deviation in surface height and a correlation length, the 
rough surface causing scattering of light re?ected by the 
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substrate to generate the desired minimum number of spa 
tially coherent cells in the laser beam. 

26. An apparatus according to claim 25 Wherein the 
re?ective substrate comprises a shiny metallic layer. 

27. An apparatus according to claim 25 Wherein the rough 
surface is a ground surface. 

28. An apparatus according to claim 27 Wherein the rough 
surface is overpolished to adjust the standard deviation in 
surface height. 

29. An apparatus according to claim 25 Wherein the 
re?ective substrate is an outcoupling mirror of a laser 
resonator. 

30. An apparatus according to claim 29, further compris 
ing a ?y eye lens after the substrate outcoupling mirror. 

31. An apparatus according to claim 25 Wherein the 
re?ective substrate is positioned outside of a laser resonator. 

32. An apparatus according to claim 31, further compris 
ing a ?y eye lens after the substrate. 

* * * * * 


